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Introduction
The demand for fossil fuel around the world is continuously increasing and as per recent estimates the fossil fuel deposits may be depleted within the coming 50 years [1] . The automotive sector uses limited alternative energy sources compared to that used in power generation and its 98% of the energy sources depend on mineral oil [2] . Currently, growth in world energy consumption stands at approximately 2% per annum. Presently there are more than 600 million passenger cars in world; production of new cars increased by 20% between 1999 and 2009 [3] . In addition, over the last two decades the pollutant emission limits for the road transport sector have become increasingly stringent. All these challenges have resulted in extensive research activity to provide alternative fuels and ones which cause less pollution [4] . A lot of attention has been focussed on biodiesel as an alternative fuel because it is renewable, more environmentally friendly and can be used in diesel engines with little or no engine modifications [5] , [6] , [7] , [8] , [9] , [10] , [11] . Biodiesel fuels are characterised by a number of physio-chemical properties including viscosity, density, LHV, cetane number, cloud point, pour point, flash point, ash content, sulphur content and carbon residue [8] , [12] , [13] . Of all of these properties, LHV is one of the most influential parameters that affect the specific fuel consumption, brake thermal efficiency and NOx emissions of an engine.
The heating value of fuel can be defined in two ways: the higher heating value (HHV), or gross calorific value, and the lower heating value (LHV), or net calorific value. HHV is determined by bringing all the products of combustion back to the original precombustion temperature, and in particular condensing any vapour produced to liquid water, while LHV is based on gaseous water (vapour) as the by product which is determined by subtracting the heat of vaporization of the water vapour from the HHV [14] .
Although HHV has wider acceptance in biomass characterisation (biomass is renewable energy from plants sources), engine performance estimation models usually use LHV of the fuel [15] . This is due to the fact that automotive fuels contain only small amount of water (<0.05% by mass) which can be neglected during heating value estimation [16] , [17] .
Many researchers have reported the heating value of fuel measured using experimental testing (using adiabatic bomb calorimeter, proximate and ultimate analyses) [8] , [14] , [15] , [18] - [20] . These conventional analysis methods are complicated, time consuming and require specialised set-up, measurement and calculation procedures [8] . Many attempts have hence been made to develop heating value prediction models based on experimental data. The HHVs of different biodiesel fuels have been measured and calculated by Freedman et al. [19] and Krisnangkura [21] using a Parr adiabatic calorimeter according to ASTM D240 and D2015 standards. They developed a linear correlation between the heating value, carbon number and molecular weight, and they concluded that the HHV of biodiesel increased with increasing carbon number and molecular weight. This correlation can only be used when molecular structure of the fuel used is known. Demirbas [22] has reported that the heating value of vegetable oils can be calculated using the saponification point and iodine value. He also determined the HHV of vegetable oils, alcohols and alkanes experimentally and correlated these with their density and viscosity values [1] , [23] . Sadrameli et al. [24] measured the heating values of pure fatty acids, also using a Parr bomb calorimeter, and developed a correlation of the LHVs of fatty acids with their molecular weight, density and carbon number. They also found that the heating value increases with increasing molecular weight and density of saturated fatty acid.
Various heating value prediction methods are summarised in Table 1 . Models have been developed which use carbon number, molecular weight, density, viscosity, and elemental composition of the fuel, and correlations give R 2 values in the range 0.9380 to 0.9980 [14] , [15] , [22] - [24] . From the above review and summary 
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The main reason for higher BSFC of an engine running with biodiesel is its LHV as discussed by Xue et al. [25] and Lapuerta et al. [26] . Xue et al. [22] and Lapuerta et al reported that from the total number of publications, 90% and 80% of the authors agreed that the BSFC of biodiesel is higher than the diesel respectively. However, the effects of LHV for range of biodiesel blends on BSFC and thermal efficiency of engine have been reported fairly.
Hence, the focus of this study is:
1) To develop LHV prediction models based on the major fuel physical properties such as density and viscosity as well as to investigate the application of the models for range of biodiesel feedstock's which have been reported in the previous work.
2) To investigate the effects of the LHV on the CI engine performances parameters such as specific fuel consumption and thermal efficiency during steady state operation. Thirdly, the developed LHV predicting models have been compared with the previous LHV models. Furthermore, the new models were used to predict the LHV of 26 biodiesels based on density and viscosity which were recently reviewed by Giakomis et al [13] for globally produced biodiesel feedstock. Finally, experimental work was conducted on a CI engine using rapeseed oil and normal diesel blends and the effects of LHV on the BSFC and thermal efficiency were quantified and discussed.
Experimental facilities and test procedures
Experimental facilities and procedures to investigate the LHV of biodiesel and its effects on the brake specific fuel consumption and thermal efficiency are described in section 2.1 and section 2.2 respectively.
Lower heating value measurement
The heating values of pure diesel and a range biodiesel blends (B5, B20, B50, B75 and B100)
were determined in a Parr adiabatic oxygen bomb calorimeter, model 230/5. Three different biodiesel sources (corn oil biodiesel, waste oil biodiesel and rapeseed oil biodiesel) provided the biodiesel used in the analysis. The heating value was measured using the standard DIN 51900 procedures, summarised in Table 2 . The density and viscosity of the biodiesel were also measured by the authors, using the EN ISO 3675:1998 and EN ISO 3104:1996 standards and these results are reported in an earlier publication [20] . 
where W is the heat capacity of the calorimeter being used (J/K), m b is the mass of the benzoic acid (kg), m w is the mass of the iron wire (kg), and T b is the temperature rise (K)
due to the benzoic acid combustion.
X. Steps I-IX were repeated for biodiesel blends B0, B10, B20, B50, B75 and B100. The
LHVs for the blends were calculated using equation (2) :
where T is the temperature rise due to biodiesel combustion (K), W is the heat capacity of the calorimeter (J/K) being used which is calculated by equation (1).
Engine test facilities and procedures
In this study the combustion characteristics and performance of a CI engine running with biodiesel was investigated using a four-cylinder, four-stroke, turbo-charged, water-cooled and direct-injection engine. The engine is with a 4.4 litre capacity which is fitted to large agricultural vehicles. Full details of the engine are described in Table 3 . The engine was loaded by a 200kW AC Dynamometer 4-Quadrant regenerative drive with motoring and absorbing capability for both steady and transient conditions. The layout of the experimental facilities is described in Figure 2 . In order to acquire accurate and repeatable engine test data for the engine combustion and performance characteristics, the engine test bed was instrumented with speed sensors, fuel flow metres and in-line torque meter. monitored by CADETV12 software [27] . The measuring range and accuracy of these instruments are presented in Table 4 . In this study, rapeseed biodiesel (ROB) obtained from a local company, had been blended with diesel and used for engine performance analysis. The blends were made in mixing tank with 10%, 20%, 50%, 75% and 100% biodiesel content by volume. The main physical properties such as composition, density, lower heating value (LHV) and viscosity of the rapeseed oil biodiesel were measured according to the official test standards in EU and the results were published by Tesfa et al [20] . The blends properties are presented in Table 5 . Figure 2 . It can be seen that the biodiesels derived from different sources resulted in almost the same combustion temperature curves. However, the biodiesel combustions yielded lower temperatures than pure diesel, by around 7.5%. The effects of the volumetric blend fractions on the heating value of the biodiesel are shown in Figure 3 . From Figure 3(a) it can be seen that as the biodiesel blend fraction increases, the LHV decreases. The rapeseed biodiesel, corn biodiesel and waste biodiesel resulted in LHV of a reduction in by 9.96%, 10.19% and 9.67% respectively compared to pure diesel. This can be explained by the relative composition of the fuels as biodiesel has oxygen present in the structure which is not a component of conventional mineral diesel. As a consequence of the additional oxygen the carbon and hydrogen content is reduced from 86 to 77% for carbon and 14 to 12% for hydrogen [28] - [30] . Although the biodiesel result in lower LHV, the combustion process is improved due to the presence of the higher oxygen content of the fuel. When comparisons were made between the LHVs of the three biodiesels (corn oil against rapeseed, and waste oil against rapeseed), the maximum difference was found to be 1.4%, as To investigate the effects of biodiesel fraction on LHV, two correlations were developed. The first correlation (equation 3) was developed based on the experimentally measured LHV for the range biodiesel blends (see Table 5 ) was developed linear mixing equation. The correlation resulted in an R 2 value of 0.991.
Figure 1 Engine test facilities lay out
Where LHV blend is the lower heating value of the biodiesel blend (MJ/kg) and X is the biodiesel fraction (v/v).
Equation (3), can be used without measuring LHV of neat biodiesel and diesel, since it needs only the value of the biodiesel fraction. This brings the advantage of being able to carry out simulations of combustion and performance characteristics for engines running with a range of biodiesel blends.
The experimentally measured LHV of biodiesel blends was also correlated with experimentally measured density and viscosity values (presented in Table 6 ). The correlations of LHV versus density and LHV versus kinematic viscosity are shown in equations (4) and (5) 
Where LHV is the lower heating value (MJ/kg), X is the biodiesel fraction (%), ρ is the density of biodiesel (kg/m 3 ) and is the kinematic viscosity (mm 2 /s).
The density-and viscosity-based LHV prediction models have also been compared with the models of other researchers. Demribas [22] and Sadrameli et al. [24] developed regression models which correlate density with the LHV of pure biodiesel (B100) as presented in Table   1 . The predictions of LHV were performed using the models of Demribas [22] and Sadrameli et al [24] and were compared with those derived from the authors' approach, along with measured values. The measured and predicted LHVs are presented in Table 6 , and the percentage deviations between the measured values and predicated values are shown in Figure   4 biodiesel. The correlation developed in this study, however, results in an acceptable percentage error when predicting the lower heating value for neat biodiesel and its blends.
To investigate whether the models (equation (4) and equation (5)) developed in this study could predict the LHV of any biodiesel which are grown in any normal climate conditions and produced by any usual production process, comparisons were made based on extensive revisions done by Giakoumis [13] on physical properties of biodiesel. Giakomis [13] recently presented the literature on biodiesel properties and fatty acid composition from International Journals and Conferences papers. The physical properties of twenty six different biodiesel feedstocks were reported, comprising of twenty-two edible and non-edible vegetable oils and four animal fats. From the Giaomis et al report, the biodiesel type, density, viscosity and lower heating values have been considered for the validation of the model developed in this study. The lower heating value of the twenty four biodiesel types are predicted by using equations (4) and (5) and presented in Table 8 . From the twenty six biodiesels, the castor biodiesel which has higher density (917.6kg/m 3 ) and viscosity (14.52mm 2 /s) and coconut which have lower density (870kg/m 3 ) and viscosity (2.78mm 2 /s were excluded in this study.
The deviation of the measured values and the predicted values with density and viscosity are shown in Figure 5 for both density and viscosity based models. It can be seen that for density based prediction, the maximum deviation is 8.5% for linseed oil based fuel. fatty acid composition as shown in Figure 6 . As it can be seen in the figure the fatty acid compositions range from C8:0 to C22:1. Even though the fatty acid composition affect the LHV, the correlation developed in equation (4) and (5) can predict the LHV for any biodiesel which is produced by any normal climate conditions and operation process based on the density and viscosity values of the biodiesel with acceptable error. Figure 6 Fatty acid composition of vegetable and animal oils [13] , [15] 
Effects of LHV on engine performance
To investigate the likely effects of LHV on engine performance, experimental investigations were carried out on a CI engine running with diesel and biodiesel blends. Figure 7 shows the variation of the brake specific fuel consumption (BSFC) with engine speed for a range of biodiesel blends at different loads. The BSFC is the ratio of the mass flow rate of the fuel to the brake power output of the engine. It can be seen from the figure that the BSFC decreases as the engine speed increases, reaches its minimum value and then increases at higher engine speeds. This might be explained on the basis that, the heat losses through the combustion chamber walls is proportionally higher and the combustion efficiency is poorer at low speeds.
These result in higher fuel consumption for the same amount of power produced al lower speeds, which result in higher BSFC. At higher speeds, the power required to overcome friction increases at a higher rate, resulting in a slower increase in output power with a consequent increases in BSFC. This phenomenon has been largely documented by previous research [31] , [9] , [10] , [32] - [34] . The main reason for higher BSFC for an engine running with biodiesel blends is mainly due to the low heating value of the biodiesel as discussed in Figure 3 . Figure 7 also shows that when the biodiesel fraction increases (from 0% to 100%), the BSFC also increases for all operating conditions. The lowest LHV (38.26MJ/kg) of the fuels corresponds to neat biodiesel (B100) which resulted in the highest BSFC for all load conditions. To quantify the effects of change of LHV of biodiesel blends on BSFC, the changes of BSFC versus engine speed is shown in Figure 8 . It can be seen that when the LHV of the fuel is lower by 7.79%, the BSFC increase up to 18%. By correlating the percentage change of LHV and BSFC, it can be seen that a unit change in LHV results in an increment of BSFC by 2.5. The thermal efficiency of the CI engine which was running with biodiesel blends (B10, B20, B50, B75 and B100) and the diesel fuel has been computed for a range of engine speeds and load conditions and is depicted in Figure 9 . The brake thermal efficiency is calculated from BSFC and lower heating value of the fuel as shown in equation (6) = (3600/(BSFC*LHV))*10 6 *100 (6) Where thermal efficiency (%), BSFC is the brake specific fuel consumption (g/kWh) of the biodiesel and LHV is the lower heating value (J/kg) of the biodiesel.
Since the brake thermal efficiency is inversely proportional to BSFC, the trends observed are opposite to that obtained for BSFC of the fuel in Figure 7 . It can be observed from Figure 9 that at all conditions the thermal efficiency increases at lower engine speeds, reaches its maximum point and then decreases. It can be also seen that, when the biodiesel content increases, the thermal efficiency Figure 10 for range of load conditions. It can be seen that, when the LHV is reduced by 7.79%, the thermal efficiency also reduced by up to 25%. Comparing the percentage change of BSFC with the percentage change of thermal efficiency due to LHV variation, the latter resulted in a higher percentage change. This is due to the effect of the LHV parameter on the thermal efficiency calculation (equation (6)). 
Conclusions
In this paper the effect of biodiesel blend on LHV has been systematically investigated, new LHV prediction models that correlate the LHV with biodiesel fraction, density and viscosity were developed. In addition, the effects of the LHV on CI engines performance were investigated experimentally. From this study the following conclusions can be drawn:
Biodiesel sources which are considered in this study (rapeseed oil, corn oil and waste oil) do not result in any significant differences in the measured lower heating values.
The biodiesel fraction has a direct impact on the lower heating value of a biodiesel blend. As the biodiesel fraction in a blend increases, the lower heating value shows a proportional decrease. Empirically derived LHV-predicting equations (density and viscosity based) provide values which closely match with the measured ones in this study and by previous author.
The neat biodiesel which its LHV is lower by 8% than diesel resulted in an increment of BSFC and thermal efficiency by 18% and 25% respectively.
Lower heating value is one of the most important parameters for estimating the design parameters and numerical simulation of combustion and estimating engine performance such as brake specific fuel consumption and thermal efficiency. The newly developed lower heating value models, correlated with biodiesel fraction, density, and kinematic viscosity, have significant application in the investigation of combustion characteristics, engine performance and emissions during engine simulation and development.
